Background: Growing evidence suggests that the ubiquitin-proteasome system is involved in the pathogenesis and recurrence of hepatocellular carcinoma (HCC); yet, little is known about the role of ubiquitin-conjugating enzyme E2T (UBE2T) in HCC. Materials and methods: UBE2T levels were detected in HCC tissues and hepatoma cell lines using quantitative reserve transcriptase-polymerase chain reaction and Western blot analysis. Next, the changes of phenotypes after UBE2T knockdown or overexpression were evaluated using in vitro methods. Finally, the mechanism of UBE2T in HCC was tested using ex vivo and in vivo methods. Results: In the present study, we reported that UBE2T mRNA and protein levels were significantly upregulated in HCC tissues compared to adjacent non-tumor tissues. Additionally, suppression of UBE2T expression inhibited proliferation, colony formation, tumorigenesis, migration, and invasion of hepatoma cells, whereas UBE2T overexpression led to the opposite outcomes. Moreover, suppression of UBE2T expression resulted in an increase in G2/M phase and a decrease in the percentage of cells in G1 phase, which indicated a cell cycle arrest at the G2/M phase. In contrast, the percentage of cells in G2/ M phase decreased following UBE2T overexpression. Further study indicated that UBE2T regulated the G2/M transition by modulating cyclin B1 and cyclin-dependent kinase 1. Conclusion: Taken together, the findings of the present study uncover biological functions of UBE2T in hepatoma cells, and delineate preliminary molecular mechanisms of UBE2T in modulating HCC development and progression.
Introduction
(E3), and deubiquitin enzyme. 7 E2, a carrier for ubiquitin (Ub) delivery, is an essential component in the UPS. It plays a crucial role in Ub attachment to cellular proteins. 8 Several
E2s, such as ubiquitin-conjugating enzyme 2C (UBE2C), have been shown to be involved in cell cycle modulation, thus playing an essential role in proliferation of tumors. UBE2C cooperates with E3 ligase anaphase-promoting complex/cyclosome to regulate cell cycle progression. 9, 10 Ubiquitin-conjugating enzyme E2T (UBE2T), also known as HSPC150 or FANCT, was first identified as a key factor in the Fanconi anemia pathway. 11 It is an E2 enzyme that plays a role in cell proliferation, and it is required for monoubiquitination of FANCD2 and the maintenance of chromosome stability. Several studies have identified UBE2T as an oncogene in multiple types of malignancies, including lung, breast, bladder, gastric, prostate cancer, and HCC. [12] [13] [14] [15] [16] [17] However, the role of UBE2T in modulating HCC initiation, progression, and metastasis is still unclear.
In this study, our goal was to determine the mechanisms by which UBE2T affects HCC tumorigenesis. Our findings demonstrate that UBE2T exerts promoting effects on proliferation, colony formation, migration, and invasion of hepatoma cells through regulating G2/M transition, and these findings underscore the critical role of UBE2T in hepatocarcinogenesis. TCAAC ATCGC AACTG T-3ʹ, UBE2T-reverse: 5ʹ-CAGCC  TCTGG TAGAT TATCA AGC-3ʹ , glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-Forward: 5ʹ-GAAGA TGGT G ATGGG ATTTC-3ʹ, GAPDH-reverse: 5ʹ-GAAGG TGAAG GTCGG AGTC-3ʹ. All experiments were performed independently for three times.
Materials and methods

Cell culture
Western blot analysis
Cells were lysed using RIPA lysis buffer (Beyotime, Shanghai, People's Republic of China). Protein samples were separated using 4-20% gradient SDS-PAGE, and then transferred onto a polyvinylidene fluoride membrane. The membrane was incubated with a primary antibody at 4°C overnight followed by a horseradish peroxidase-conjugated secondary antibody for 2 hrs at room temperature. Enhanced chemiluminescence (ECL) reagents were used to visualize the bands. The following primary antibodies were used: anti-UBE2T (Proteintech, Chicago, IL, USA), anti-GAPDH (Proteintech), anti-cyclin B1 (Cell Signaling Technology, Danvers, MA, USA), anti-cyclin-dependent kinase 1 (CDK1) (Cell Signaling Technology), anti-p21 (Proteintech), and anti-p27 (Proteintech).
Establishment of UBE2T knockdown and overexpression in HCC cell lines
The HCC cell lines were stably transfected with UBE2T shRNA or overexpression vector using Lipofectamine 3000 
Flow cytometry analysis for cell cycle and apoptosis
Cells from a 6-well plate were harvested and fixed in 70% cold ethanol in PBS after washing in cold PBS. After incubation with 70% ethanol at 4°C overnight, cells were pelleted in a cooled centrifuge and washed with cold PBS again. Then, 500 μL propidium iodide (BD Pharmingen) was added to 1×10 5 cells for 20 mins at room temperature.
A total of 2×10 4 cells were analyzed using a BD FACS Canto for cell cycle and the data were analyzed using ModFit LT Software. To detect apoptosis, an Annexin V Apoptosis Detection Kit (BD Pharmingen) was used according to the manufacturer's instructions. The Annexin V-FITC and PI fluorescence levels were measured by flow cytometry (FACS Calibur, BD Biosciences, USA). Annexin V-positive cells (both PI-negative and -positive) were defined as apoptotic cells.
Xenograft tumor model
BALB/c nude mice (4-5 weeks old, 15-16 g) were purchased from SLAC Laboratory Animal Co. Ltd (Shanghai, People's Republic of China). The mice were housed in wire-bottomed cages with a 12-hrs light-dark cycle, 21-23°C ambient temperature, and were offered food and water ad libitum. SMCC-7721 cells at 8×10 6 (UBE2T knockdown and control) in 100 μL of PBS were injected separately into flanks of nude mice subcutaneously. Length (L) and width (W) of tumors were measured with calipers every 3 days, and tumor volume (V) was calculated using the following equation: V=L×W 2 /2. On day 21, tumorbearing mice were anesthetized, and tumors were excised, weighed, serially sliced, and stained with anti-UBE2T antibody and anti-Ki67 antibody. Animal care and procedures were approved by the Institutional Animal Care and Use Committee of Zhongshan Hospital, Fudan University, and all procedures were conducted following the NIH Guidelines of Experimental Animal Handling and Use.
Immunohistochemistry (IHC)
Formalin-fixed paraffin-embedded tissues were cut into 4-μm sections and rehydrated in a graded series of alcohol. Endogenous peroxidase activity was blocked with 3% H 2 O 2 . Subsequently, sections were steamed for 3 mins for antigen retrieval in 10 mM citrate buffer (pH 6.0) and incubated with a primary antibody at 4°C overnight. Then, tissue sections were incubated with a secondary antibody (Dako) at room temperature for 1 hr. The sections were stained with 3,3ʹ-diaminobenzidine tetrahydrochloride (DAB; Dako, Glostrup, Denmark) to visualize the stained areas and counterstained with hematoxylin.
Statistical analysis
All experimental operations were independently repeated for at least three times. Densitometry of the immunoblotting images was analyzed using Image J Software 1.51 (National Institutes of Health, Bethesda, MD, USA). The graphs were plotted using GraphPad Prism Software 7 (GraphPad Software, La Jolla, CA, USA). Statistical analysis was performed using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA). Continuous data were shown as the mean±SD. For data that had a normal distribution and homogeneity of variance, two-tailed Student's t test was performed to evaluate significant differences between two groups. P-values <0.05 were considered statistically significant.
Results
UBE2T is upregulated in HCC tissues and hepatoma cell lines
In our previous microarray study, we found that UBE2T was upregulated in HCC tissues compared with adjacent non-tumor tissues (unpublished data). In this study, we demonstrated that UBE2T is highly expressed in 5 of 6 HCC tissues (T) compared with adjacent non-tumor tissues using Western blot analysis ( Figure 1A) . We further confirmed the upregulation of UBE2T protein expression in seven hepatoma cell lines using immortalized human FHs as a control. The results showed that UBE2T protein expression was upregulated up to 1.3-to 6.4-fold in six hepatoma cell lines compared to FH ( Figure 1B and C) . Upregulation of UBE2T was also confirmed in the Wurmbach liver study in the oncomine database ( Figure 1D ). The expression level of UBE2T was correlated with the pathological grade and vascular invasion of human HCC tissue ( Figure 1E and F) . The survival data from the The Cancer Genome Atlas (TCGA) cohort showed that high expression of UBE2T was negatively correlated to a poor survival in HCC patients ( Figure 1G ). Taken together, our results suggested that UBE2T may act as an oncogene in HCC.
UBE2T promotes proliferation of hepatoma cells
To further examine the role of UBE2T in HCC, we inhibited its expression in SMCC-7721 and Huh-7 cell lines by RNA inference (RNAi) approach and upregulated it in SK-Hep1 and HepG2 cell lines using a lentiviral transduction with the full sequence of UBE2T cDNA. We design three interference fragments of shUBE2T (sh1, sh2, and sh3). Western blot tests showed that the fragment of sh1 had the highest interference efficiency. Thus, we selected sh1 in the following experiments ( Figure S1 ). The results of qRT-PCR and Western blot assays confirmed that transduction of lentiviral vector containing shRNA against UBE2T dramatically decreased UBE2T gene expression in SMCC-7721 and Huh-7 cells (approximately 80% decrease, P<0.05); whereas UBE2T overexpression by lentiviral transduction significantly increased UBE2T expression in SK-Hep1 and HepG2 cells (10-to 20-fold increase, P<0.05; Figure S2) .
A CCK8 assay was conducted to examine the effect of UBE2T expression on cell proliferation. UBE2T knockdown significantly decreased the SMCC-7721 and Huh-7 cell numbers, while UBE2T overexpression increased the SK-Hep1 and HepG2 cell numbers (Figure 2A ). To further confirm the role of UBE2T in tumorigenesis, we performed colony formation assay and soft agar colony formation assay with stable UBE2T-KD cells and corresponding controls, as well as UBE2T-OE and corresponding controls. The colony formation of hepatoma cells with UBE2T-KD was much lower than that of controls, while UBE2T overexpression markedly enhanced colony formation compared to controls ( Figure 2B and C) . In summary, these data demonstrate that UBE2T may exert a promoting role in cell proliferation and tumor formation.
UBE2T accelerates migration and invasion of hepatoma cells
We performed a Transwell assay to confirm the role of UBE2T in migration and invasion in HCC. Downregulation of UBE2T significantly inhibited the migration ability of hepatoma cells, while overexpression of UBE2T significantly enhanced migration and invasion ability of hepatoma cells ( Figure 3A , P<0.05). Furthermore, cell invasion was strongly inhibited in UBE2T-KD compared with controls, while UBE2T-OE possessed an increased cell invasion rate compared with controls (P<0.01; Figure 3B ). These data suggest that UBE2T promotes HCC cell migration and invasion.
UBE2T regulates the tumorigenesis of HCC in nude mice
To confirm whether the growth-promoting effects of UBE2T are relevant to HCC growth in vivo, UBE2T-KD-treated SMCC-7721 cells and control cells were subcutaneously injected into BALB/c nude mice ( Figure 4A and B) . Knockdown of UBE2T resulted in an approximately 60% reduction in weight and 70% reduction in volume of xenograft tumors as compared to controls (Figure 4C and D; P<0.05). The nude mice growth curves are shown in Figure 4E . qRT-PCR and Western blot assay confirmed that UBE2T mRNA and protein levels were significantly lower in UBE2T-KD than in controls ( Figure 4F and G). Also, mRNA and protein levels of UBE2T and Ki67 were decreased in xenograft tumors formed by UBE2T-KD cells by IHC ( Figure 4H ). Collectively, these results indicate that UBE2T may promote hepatoma cell proliferation in vivo.
UBE2T is involved in the transition from G2 to M by modulating cyclin B1 and CDK1 in cell cycle
An alteration in proliferation is usually caused by change in cell cycle or apoptosis. Flow cytometry was performed to examine the effects of UBE2T on cell cycle progression and apoptosis. Cell cycle tests showed that suppressing UBE2T expression resulted in a significant increase in the percentage of cells in G2/M phase and a decrease in the percentage of cells in G1 phase, which indicated that downregulation of UBE2T promotes cell cycle arrest at G2/M phase ( Figure 5A ). In contrast, the cell portion in G2/M phase was decreased after upregulation of UBE2T ( Figure 5B ). However, UBE2T knockdown or overexpression had no significant effect on apoptosis ( Figure S3 ). Taken together, these data indicate that UBE2T may facilitate a G2-to-M transition in hepatoma cells.
To investigate the potential mechanism of the proliferation-promoting function of UBE2T, cell cycle-related proteins were analyzed using Western blotting. The results revealed that cell cycle promoting factors, including cyclin B1 and CDK1, were upregulated in UBE2T-transfected cells. However, the cell cycle inhibitors p21
Cip1 and p27 Kip1 were also increased in UBE2T-OE cells but decreased in UBE2T-KD cells ( Figure 6A and B). We also analyzed gene expression correlations between Figure 3 UBE2T accelerates migration and invasion of hepatoma cell lines. (A) UBE2T knockdown significantly inhibited the migration ability, whereas UBE2T overexpression significantly enhanced the migration ability of hepatoma cells using Transwell assay (P<0.01; for 48 hrs after attachment). (B) UBE2T knockdown significantly inhibited invasion ability, whereas UBE2T overexpression significantly enhanced invasion ability of hepatoma cell lines using a Transwell assay (P<0.01; for 48 hrs after attachment). Data are presented as mean±SD. *P<0.05, **P<0.01 versus the control group. Abbreviations: UBE2T, ubiquitin-conjugating enzyme E2T; UBE2T-KD, UBE2T knockdown; UBE2T-OE, UBE2T overexpression.
UBE2T and CCNB1 or CDK1 using a bioinformatic tool GEPIA (http://gepia.cancer-pku.cn/). The results showed that UBE2T mRNA was significantly correlated positively with mRNA levels of CCNB1 and CDK1 (Spearman coefficient R=0.88 and 0.92, respectively; P<0.05, Figure  6C and D). These findings suggest that UBE2T regulates G2/M transition by modulating cyclin B1 and CDK1 expression, and further controlling cell cycle and proliferation in hepatoma cells.
Discussion
UBE2T is a member of the E2 family that is required for the repair of damaged DNA. 11, 20 It is located at 1q32.1 and the gain of 1q is frequently observed in a variety of cancers. 21 Recently, UBE2T upregulation has been demonstrated in different cancer, such as lung, breast, prostate, and gastric carcinoma. Several cancer cell lines exhibit UBE2T upregulation according to data mining in large-scale genome analysis and expression data in cBiopartal. 22 In our present study, we demonstrated that UBE2T was remarkably upregulated in HCC tissues and hepatoma cell lines, which was consistent with previous findings, which found that UBE2T expression was negatively correlated with poor survival of HCC patients. 13 Survival data from TCGA also supported this conclusion. Additionally, the prognostic value of UBE2T has been reported in breast, gastric, and nasopharyngeal carcinoma. 16, 23, 24 Subsequent cell function test results showed that inhibition of UBE2T significantly represses proliferation, migration, and invasion of HCC cell lines as compared with controls, while UBE2T overexpression significantly promotes proliferation, migration, and invasion ability of HCC cells. Also, suppressing UBE2T expression by an RNAi approach inhibited tumor growth in a mouse model of HCC xenograft, which is consistent with previous studies. 15, 23, 25 Overexpression of UBE2T exerted a promoting role in cell proliferation and induced epithelialmesenchymal transition in gastric cancer cells. 12 It also enhanced tumor growth in mouse models of prostate and nasopharyngeal cancer. 15, 23 Silencing of UBE2T inhibited proliferation and promoted apoptosis and cell cycle arrest in bladder cancer cells. 14 In summary, it appears that UBE2T may exert a promoting effect on proliferation, invasion, and metastasis in various tumors. Both cell cycle and apoptosis play a reciprocal role in modulating proliferation of tumor cells. Our results showed that G2/M phase arrest occurs after the suppression of UBE2T expression by an RNAi approach, in turn inhibiting the proliferation of hepatoma cells. These results were consistent with reports performed with bladder and gastric cancer cases. 12, 14 It was reported that interference with UBE2T downregulates cyclin D1 in gastric carcinoma cells, but did not provide any evidence to explain the G2/M arrest. The latest research by Liu et al found that UBE2T degrades p53 by ubiquitination and promotes proliferation in liver cancer cells. 13 It is well known that p53
is an essential transcription factor for cell cycle regulation, and activation of the p53-DREAM pathway leads to cell cycle arrest. However, multiple signaling pathways are involved in downstream of p53, which may participate in the regulation of G1/S and G2/M checkpoints. 26 Cyclin B1-CDK1 complex plays a central role in G2/M transition. Downregulation of CDK1 protein or inhibition of CDK1 kinase activity usually accompanied with the arrest of G2/ M transition. 27 Cyclin B1 and CDK1 protein levels were downregulated in the UBE2T-KD group, which is consistent with the arrest of G2/M transition. Our study is the first to find that UBE2T regulates G2/M transition through cyclin B1 and CDK1; however, the exact molecular interplay between UBE2T and the cyclin B1-CCK1 axis in during cell cycle control remains to be further investigated. Simultaneously, we found that p21 and p27 were downregulated after knockdown of UBE2T, and vice versa. This result is inconsistent with previous studies. p21 and p27 belong to the Cip/Kip family of cyclindependent kinase inhibitors. It is generally believed that p21 and p27 act as tumor suppressors during tumorigenesis. 28 However, growing evidence implies that p21 and p27 are oncogenic in various tumors with the mechanism of a reversal translocation from nucleus to cytosol. [29] [30] [31] Our findings from UBE2T overexpressed hepatoma cells suggest that UBE2T may facilitate the translocation of p21 and p27 into the cytosol compartment. UBE2T and its interaction with the E3 ligase FANCL in the Fanconi anemia have been well studied in recent years. UBE2T has a direct interaction with the BRCA1/ BRAD1 complex in breast cancer. However, our study is unable to elucidate the direct protein-protein interaction of UBE2T with these complex in hepatoma cells. In the present study, we elucidated an indirect regulatory mechanism of UBE2T expression and molecular interaction. The E3 ligase that interacts with UBE2T has not The quantitative expression ratio of protein expression of UBE2T-KD and UBE2T-OE relative to control group. GAPDH was used as internal control, and the experiment was repeated at least three times independently. UBE2T-KD: UBE2T stable interference cells; UBE2T-OE: UBE2T stable overexpression cells. (C) There was a significant positive correlation between UBE2T and CCNB1 expression, Spearman correlation coefficient R=0.88, P=7.3e-139. (D) UBE2T was significantly positively correlated with CDK1 expression, Spearman correlation coefficient R=0.92, P=1.7e-169. **P<0.01, ***P<0.001. Abbreviations: UBE2T, ubiquitin-conjugating enzyme E2T; UBE2T-KD, UBE2T knockdown; UBE2T-OE, UBE2T overexpression; KD-control, control cells transfected with the control vector; OE-control, control cells transfected the empty vector; CDK1, cyclin-dependent kinase 1. been clarified yet in HCC, and further study remains to be needed. Tumor cells are more susceptible to proteasome inhibition due to their rapid division and disordered regulatory pathways. Proteasome inhibitors form a novel class of chemotherapeutic agents that lead to cell cycle arrest and cell death, though no specific UBE2T inhibitors are currently available for clinical use.
In conclusion, we carried out a relatively comprehensive study on UBE2T in HCC development and progression in vitro and in vivo. The findings demonstrate that UBE2T exerts promoting effects on proliferation, colony formation, migration, and invasion of hepatoma cells through regulation of G2/M transition in cell cycle. This study provides valuable insights into the underlying mechanisms of UBE2T in modulating the cyclin B1-CDK1 pathway, and points UBE2T as a promising target for HCC treatment.
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